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ABSTRACT
Uncertainties surround the extent to which diversity can mitigate the effects of
climate change and anthropogenic activity on ecosystem functions. In desert
grasslands, changes to water availability and soil nitrogen, two primary resources
that limit ecosystem processes, can have lasting impacts on nutrient cycling. We
used grass litter from Bouteloua eriopoda, Bouteloua gracilis, Pleuraphis jamesii,
and Sporobolus spp. to assess the effects of soil resources on single- and multispecies decomposition in a Chihuahuan Desert grassland in central New Mexico,
USA. Litterbags were deployed in a factorial experiment that manipulated rain
pulse size (5- vs. 20-mm) and frequency (weekly vs. monthly), and soil nitrogen
content during the monsoon season. Decay did not significantly differ among
pulse-sized thresholds. We found significant differences among species so that
the more palatable grasses, B. gracilis and P. jamesii, decayed faster (k = 0.48 y1

and

0.33 y-1, respectively) than B. eriopoda (k = 0.24 y-1). Although not

significant, the decay of litter mixtures was enhanced in the 5-mm·week-1 (k = 0.53
iv

y-1) and 20-mm·month-1 (k = 0.499 y-1) treatment relative to the water control (k =
0.31 y-1) when nitrogen was not limiting. Nitrogen immobilization persisted only in
B. eriopoda and litter mixtures after one year. Future changes in rainfall regimes
will have limited impacts on nutrient cycling in desert grasslands at current rates
of atmospheric nitrogen deposition. However, high rates of nitrogen deposition will
likely intensify the effect of pulse-sized thresholds on nutrient cycling. We conclude
that species composition is critical for ecosystem functioning.
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Introduction
Anthropogenic activity and changes in climate are drivers of global change
that can exacerbate alterations to natural systems (Frank and others, 2015;
Vitousek and others, 1997). As natural systems change, there is heightened need
to monitor and preserve species diversity to maintain ecosystem functioning. For
example, high biodiversity, measured as species richness, increases annual
aboveground biomass, as well as the long-term stability of ecosystem productivity
(Tilman and others, 2006; Tilman and others, 1999). Modern conservation efforts
are shifting from a single species to a multi-species approach that more closely
resembles the diversity of communities in the field (Chen and others, 2005;
Klausmeyer and others, 2011). Those efforts improve our ability to predict changes
in natural systems at multiple spatial scales because changes in the composition
of plant communities within a region extrapolate to changes in ecosystem function
(Hammill and others, 2018).
In terrestrial ecosystems, land-atmosphere feedbacks stimulate the release
and absorption of greenhouse gases such as CO2 (Huang and others, 2018).
Vegetation and soils act as sinks and sources of carbon, and therefore an
ecosystem’s carbon balance is maintained by primary production and respiration
(Bardgett and others, 2008; Anderson-Teixeira and others, 2011). Although our
understanding of diversity on ecosystem productivity is increasing, there remains
a need to better understand how biodiversity affects key ecosystem services, such
as decomposition and nutrient cycling. For example, microorganisms contribute to
ecosystem respiration by releasing CO2 during the decomposition of organic
matter (Bardgett and others, 2008). Therefore, modifications to plant productivity
1

from climate change and human activity can alter heterotrophic respiration through
modifications to plant litter inputs (Anderson-Teixeira and others, 2011).
Plant litter decomposition is an important biogeochemical process that
regulates the rate at which elements, such as carbon and nitrogen, are released
and stored in soils (Berg and McClaugherty, 2003). The decay rate, k-1, of organic
litter is an important index of decomposition (Olson, 1963) that varies with climate,
litter quality, and community composition of site-specific decomposer organisms
(Aerts, 1997; Austin, 2011; Bradford and others, 2016; Garcia-Palacios and others,
2016; Lee and others, 2011). As such, decomposition is associated with
ecosystem structure and function because those biological and environmental
controls determine nutrient release and storage (Berg and McClaugherty, 2003).
Thus, plant litter decomposition is especially important in nutrient-limited
ecosystems, such as unfertilized, natural grasslands (Dubeaux and others, 2007;
Fay and others, 2015).
Decomposition of plant litter is a dynamic process that is yet to be fully
accounted for by traditional plant litter decomposition studies. For example,
mechanical forces, such as water and wind, redistribute and mix plant litter from
an existing species pool within the landscape, catalyzing complex interactions
between litter types during decay (Blair and others, 1990; Okin and others, 2015;
Throop and Belnap, 2019). This matters for decomposition because litter quality
parameters such as carbon, nitrogen, and C/N ratio differ by functional group and
plant species (Craine and others, 2015). Consequently, each litter type has a
distinct decomposition rate and CO2 flux (Aerts, 1997; Lee and others, 2011) that
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can vary when decomposing in a litter mixture as opposed to independently.
Accordingly, we expect that understanding the decomposition of mixed-species
litter to be an especially important process in multi-species plant communities.
Litter mixing studies have reported additive and non-additive effects of
diversity on decomposition. An additive effect occurs when the mean decay of litter
mixtures equals the arithmetic mean decay of the component species. Nonadditive effects are either synergistic or antagonistic if they improve or hinder
decay relative to the mean decay of component species (Liu and others, 2019;
Porre and others, 2020). No clear pattern of diversity on litter decomposition has
emerged (Hättenschwiler and others, 2005), hinting that the findings of litter
mixture studies might be site-specific (Porre and others, 2020). A drought
experiment in a Mediterranean forest found synergistic effects of diversity on
decomposition with a reduction in soil moisture (Santonja and others, 2017). This
finding suggests that diversity can mitigate alterations to resource availability
during decomposition and could be an essential mechanism to preserve the
ecosystem functioning of drylands.
Drylands are resource-limited systems that cover about 45% of the earth's
terrestrial surface, and dryland areas are projected to increase throughout the 21st
century (Huang and others, 2018). Grasslands are ecologically important because
they predominate in drylands and “cover more than one-fifth of the planet's
terrestrial surface” (IUCN, 2019). As aridity increases, changes to the patch
dynamics of dominant plant species and ecotones between arid and semi-arid
grasslands are likely to impact the soil carbon pool (Peters and others, 2006;
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Collins and others, 2020). Ecotones are highly sensitive to changes in
environmental drivers because many species are at their distribution and
physiological limits (Ferro and Morrone, 2014; Gosz, 1993; Schlesinger and
others, 1990). Thus, ecotones represent areas with a high rate of mixed species
composition, including plant litter (Gosz and Gosz, 1996; Peters and others, 2006).
Soil moisture and biologically available soil nutrients, primarily nitrogen, are
the two most common limiting resources in drylands (Gutierrez and Whitford, 1987;
Schlesinger and others, 1990). The traditional view has been that water-limited
systems function in a ‘pulse-reserve’ framework. Specifically, rain events trigger a
rapid increase in biological processes including net primary production and the
release of soil nutrients through decomposition (Noy-Meir, 1973; Collins and
others, 2008; Muldavin and others 2008). For example, dryland carbon models that
only account for climate, litter quality, and mass loss, consistently underestimate
plant litter decomposition rates and fail to find a significant effect of seasonal
rainfall on mass-loss (Austin 2011; Vanderbilt and others, 2008). This finding
complicates our understanding of the importance of water as a driver of plant litter
decomposition (Austin 2011) because while high soil moisture during the rainfall
season promotes decomposition, abiotic processes such as photodegradation
(Almagro and others, 2015; Brandt and others, 2007; Barnes and others, 2012;
Vanderbilt and others, 2008) and soil-litter mixing (Hewins and others, 2016;
Throop and others, 2007), can also affect the rate of aboveground plant litter
decomposition.
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Climate forecasts suggest a future with more variable and extreme rain
events (Cook and Seager, 2013; Katz and Brown, 1992; Mitchell and others,
2006). A change in the frequency and event size of growing season rainfall can
alter grassland ecosystem function. For example, large but infrequent rain events
can reduce ANPP in mesic systems but benefit ANPP in drylands (Heisler-White
and others, 2009; Thomey and others 2011). Moderate to extreme rain pulses can
saturate soil processes such as microbial activity due to waterlogged soils (Frank
and others, 2015; Huxman and others, 2004). The effect on litter decomposition is
still unclear because plant species and litter types respond differently to pulsesized thresholds (Joly and others, 2017; Li and others, 2016; MacKay and others,
1987; Whitford and others, 1986).
In this study, we varied litter species richness to assess the effects of rainfall
pulses and nitrogen enrichment on plant litter decomposition and litter nutrient
content in a northern Chihuahuan Desert grassland. We used the litterbag method
to measure mass-loss, decay constant (k) and litter quality of four co-occurring
perennial grass species in monocultures and litter mixtures using a long-term
experiment that manipulates rainfall pulse size and frequency, and soil nitrogen
availability during the monsoon season.
We asked the following questions. First, do the effects of water regimes
differing in pulse size and frequency during the monsoon season persist on the
decomposition of four grass litter species in monocultures and mixtures after one
year? Second, do litter characteristics (C, N, C/N, δ13C, and δ15N) of monocultures
change after one year of decomposition? How do litter C and N relate to mass
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remaining by litter species? Next, do the effects of different water regimes and
nitrogen enrichment during the monsoon season persist on the decomposition of
litter mixtures after one year? Finally, do litter characteristics of mixtures change
after a year, and how do litter C and N relate to mass remaining? We hypothesized
that (1) Mass loss and decay would be high with small but frequent pulses during
the monsoon season, and that the effect will persist after a year. Moreover,
decomposition and nutrient dynamics will differ by species due to differences in
litter quality, (2) there will be a decrease in nutrient concentrations, and a negative
relationship between litter nutrients and percent mass remaining, (3) small but
frequent pulses and nitrogen enrichment will enhance decomposition of litter
mixtures and persist after a year, and (4) there will be a decrease in litter nutrient
concentration of mixtures, and a negative relationship between nutrient
concentration and mass remaining.
Materials and Methods
1. Study site
This study was conducted at the Sevilleta National Wildlife Refuge (Sevilleta
NWR) located 88 kilometers south of Albuquerque in central New Mexico, USA.
The study site is in an ecotone on McKenzie flats where the northern extent of the
arid Chihuahuan desert and the western extent of the semi-arid Great Plains prairie
intersect (Hochstrasser and others, 2002).
This desert grassland ecotone is characterized by patchy plant cover and bare
inter-canopy spaces (Figure 1A) (Pockman and Small, 2010). Black- and blue
grama (Bouteloua eriopoda and B. gracilis) dominate (Collins and others, 2020),
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with numerous subdominant bunch grasses, including ring muhly (Muhlenbergia
torreyi), dropseed (Sporobolus contractus, S. cryptandrus, S. flexuosus), galleta
(Pleuraphis jamesii) and perennial threeawn (Aristida spp.) (Thomey and others,
2011; NRCS Web Soil Survey, 2019). Common forbs are prickly Russian thistle
(Salsola tragus), small hoary sandmat (Chamaesyce lata), wild buckwheat
(Eriogonum), and woolly plantain (Plantago purshii) (Kroël-Dulay and others, 2004;
Mulhouse and others, 2017). Common shrubs are snakeweed (Gutierrezia texana
var. glutinosa and Gutierrezia sarothrae), winterfat (Krascheninnikovia lanata), and
Mormon-tea (Ephedra spp.).
Well-developed black crusts (Figure 1B & C) and light crusts are present at
the study site and other areas of the Sevilleta NWR (Soule and others, 2009;
Fernandes and others, 2018). Cryptogamic crusts provide soil stability, water
retention, and are capable of fixing nitrogen and carbon (Hartley and others, 2002;
Green and others, 2008). Similarly, termite activity plays an important role in the
turnover of aboveground plant litter (Figure 1D & E) (Santos and Whitford, 1981).
The soils at this site are classified as Turney loam with 1 to 5% slopes, and the
parent material is alluvium derived from calcareous shale. Soils are also naturally
well-drained with low run-off (NRCS Web Soil Survey, 2019).
Mean annual precipitation at Deep Well is 234-mm based on a 30-year average
from a local meteorological station (Figure 2A). Approximately 60% of mean
annual precipitation is supplied during the monsoon season which in New Mexico
occurs from July to early September (Gosz and others, 1995). Based on the 30year average, mean spring and winter precipitation are 39- and 54-mm,
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respectively (Figure 2B & C). As a dryland, this site is characterized by high interand intra-annual rainfall variability (Petrie and others, 2014). Mean annual air
temperature is 13.2˚C, and mean summer air temperature is 22.6 ˚C.
In 2018, summer precipitation (June-September) was 156.6-mm which was
slightly above the 30-year average of 140-mm (Figure 2D); There were 39 rain
events with an average event size of 5-mm. Between January to July 5th, 2019,
there were 32 precipitation events which amounted to 95.6-mm of precipitation.
During the 2018-2019 study period, the maximum air temperature was 39.1 ˚C on
June 27, 2018 and the mean air temperature was 15.5˚C (Figure 3A & B). The
lowest air temperature was -18.8 ˚C on December 29, 2018 (Figure 3C) which
coincides with one of the snow shower events captured on a Phenocam located at
the study site on December 29, 2018 (Figure 4A). Snow showers were also
observed in January, February and March 2019 at the study site (Figure 4B- D).
Relative humidity steadily increased in the summer of 2018 and peaked in the early
winter of 2019 (Figure 5A). Similarly, soil moisture increased with both summer
and winter precipitation (Figure 5B). Solar radiation was highest during the
summer and spring, and lowest during the winter of 2018 and early 2019 (Figure
5C).
2. Experimental set-up
The Monsoon Rainfall Manipulation Experiment (MRME) (34°20'38.9"N,
106°43'36.9"W) is part of the Sevilleta Long-Term Ecological Research program.
The objective of MRME is to determine the long-term effects of changes in rainfall
frequency and event size on key community and ecosystem processes (Vargas
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and others, 2012). MRME is within the footprint of a fire that burned through this
area in August 2009 (Collins and Brown, 2018; Collins and others, 2017). Our
decomposition study was conducted 9-10 years post-burn which is within the range
of time it takes for dominant grasses in this Chihuahuan desert system to recover
to pre-fire levels (Parmenter, 2008).
Each of the 13 experimental plots is 8-meters by 13-meters (Figure 6). Nested
within each plot are two 4-m2 subplots, one of which receives 5 g m-2 of nitrogen
as NO3NH4 prior to the monsoon season each year. Water addition treatments
were randomly assigned to the experimental plots. Water controls only received
ambient precipitation (n = 3 replicate plots). In the monsoon season of 2018, there
were 26 events with an average event size of 5-mm which accumulated 137.8-mm
of ambient rainfall (Figure 7A & B).
Each small and large event treatment plot and subplot received water
supplements in July, August, and September using two inverted, suspended
sprinkler systems, each with three raindrop quality sprinkler heads to simulate
natural rainfall (Table 1). The large event treatment (n = 5 replicate plots) simulates
a single 20-mm rainfall event at a monthly frequency (Ambient+20-mm/mo. &
Ambient+20-mm/mo. +Nitrogen). The small event treatment (n = 5 replicate plots)
consists of weekly 5-mm events over 12 weeks from early July to early September
(Ambient+5mm/wk. & Ambient+5mm/wk.+Nitrogen). The two watering treatments
add 60-mm of precipitation each monsoon season, but they differ in the size and
frequency of experimental rain events (Figure 7B).
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3. Plant litter harvest & litterbag fabrication
The Sevilleta field crew collected the plant litter used in this study as part of the
annual net primary production (ANPP) harvests from the core sites in the fall of
2017. Standing aboveground biomass was clipped from vegetation surrounding
the permanent ANPP plots at the base of the grass’s patches. The harvested plant
material was sorted by species and color. Green material was considered live at
the time of harvesting, whereas gray and yellow plant material was classified as
dead. The sorted dead plant material collected at the core sites was pooled by
species to have enough plant litter for this study (Table 2).
We air dried plant litter for black grama, blue grama, galleta, and dropseed two
weeks prior to fabricating the litterbags. There was a limited amount of plant litter
collected for any one species of dropseed, so we pooled the plant litter for three
species (S. contractus, S. cryptandrus, and S. flexuosus), although S. cryptandrus
was by far the most abundant at the study site (Herrera and others, 2011).
We fabricated 10 x 10-cm litterbags using silver gray fiberglass screen with a
2-mm x 1-mm pore size (Phifer, 36” X 25”, USA). Single species litterbags were
filled with 3-grams of plant litter for black grama, blue grama, dropseed or galleta
(Table 3). The initial wet mass was recorded and an aluminum write-on tag
(Amekron, IMPRESS-O-TAG, USA) with a unique sample ID was placed inside
each litterbag for future identification of plant litter type and replicate number. We
followed a similar protocol for multispecies litterbags except that they were filled
with one gram of each species (4 species x 1 gram of sample = 4 grams).
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A wet-dry conversion factor for each litter type was calculated because we used
plant material that was not oven dried. A subsample of approximately one gram of
plant litter was set-aside each time ten litterbags were made. The wet mass of the
plant litter subsample was recorded, and a dry mass was recorded after oven
drying the subsamples for 48 to 72 hours at 60˚C (Table 4). The protocol for multispecies litterbags only differed in that a one-gram subsample of each of the four
litter types was weighed and recorded after making ten litterbags (Table 5).
The wet-dry factor, WDF, for each subsample of the four litter types is given
by the equation
WDF =
where D
initial

initial

D initial
W initial

(1) ,

is the initial oven-dried mass of the subsample in grams (g) and W

is the initial wet mass of the same subsample in grams (g). We calculated a

mean wet-dry factor, WDF x̅ , for each litter type of both single- and multi-species
litterbags because there was a low standard deviation in the wet-dry factors of the
subsamples (Table 4 & 5).
The initial dry mass in grams, Dry mass initial, of plant litter within a litterbag
is given by the equation

where wet mass

initial

Dry mass initial = Wet mass (g) initial • WDF x̅

(2),

is the recorded initial wet mass of plant litter in grams used

to fill a litterbag and WDF

x̅

is the mean wet-dry factor of the litter type. This

equation was also used for multi-species litterbags to calculate the initial dry mass
of each of the four species combined. The total initial dry mass of a multi-species
litterbag in grams, Multi-species initial, is given by the equation
11

Multi-species initial = BOER4 initial + BOGR2 initial + PLJA initial + SPORO initial

(3),

where BOER4 initial is the initial dry mass of black grama, BOGR2 initial is the initial
dry mass of blue grama, PLJA
initial

initial

is the initial dry mass of galleta, and SPORO

is the initial dry mass of dropseed.

4. Litterbag deployment
A total of 504 litterbags (BOER4, BOGR2, PLJA & Multi-species: 2 replicates x
9 plots x 4 species x 6 harvests = 432 litterbags; SPORO: 2 replicates x 6 plots x
1 litter type x 6 harvests = 72 litterbags) were deployed at MRME on July 6th, 2018.
Both single, excluding dropseed, and multi-species litterbags were placed in nine
of the 13 experimental plots (n = 3 for all treatments) (Figure 6). The dropseed
litterbags were placed in six of the 13 plots (2 plots x 3 treatments) due to a
limitation in the number of litterbags. Single species litterbags were placed in the
larger plot that only receives water amendments, whereas multi-species litterbags
were placed in the small subplot that receives water and nitrogen amendments.
At each plot, we identified medium to large patches of grass of the same
species as the litterbag to deploy. If there were no conspecifics in the plot,
litterbags were placed near a mature stand of black grama. When possible, we
prevented potential edge effects by placing litterbags at least 30-cm away from the
edge of the plot. This was at times not possible for dropseed litterbags because
patches of dropseed were often found near the edge of the plot. The litterbags
were placed in all directions around a patch of grass on a flat soil surface. We
maintained an 8-cm distance from the base of the patch to minimize a shading
effect (Figure 8A), and a 10-cm distance between litterbags to prevent clustering
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of samples around the patch of grass. The litterbags were held in place with a
standard 15-cm, low carbon steel, square top aluminum sod staple (Sandbaggy,
USA) to prevent any movement and loss of samples by wind gusts, birds, and
small mammals (Figure 8B). A stake wire flag was used to mark each litterbag’s
location in the field (Figure 8C).
5. Collection periods
After deploying litterbags in the field, two replicates of both single- and multispecies litterbags were haphazardly collected at day zero, and after one-, two-,
three-, six- and 12-months post-deployment (Table 6). The litterbags collected in
August 2018 were harvested on two consecutive days, August 3rd and 4th, due to
an unexpected rainfall event on August 3rd. The January collection period was
delayed a few weeks after its scheduled day due to snowfall and cold temperatures
at the study site.
Collection periods were represented as the harvest day(s) and months postdeployment. The duration of incubation from day zero to each collection period
was determined using an online time calculator. Since duration is indicative of days
post-deployment, I divided each value by 365 to calculate the number of years in
the field (Figure 9). Although most sampling periods were completed in one day,
the second harvest took two days. Most litterbags were harvested on August 3rd,
2018, so we represented and analyzed data from this collection period as 0.079years post-deployment.
Important observations were recorded when harvesting the litterbags such as
soil aggregates, soil-litter mixing, termite activity, and seedling ingrowth (Figure
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10A- F). Each sample was wrapped in brown masking paper (Trimaco, USA) and
stored separately in individual plastic sandwich bags. The harvested litterbags
were kept on ice while they were in the field and then stored at 3˚ Celsius in a
refrigerator on the University of New Mexico campus.
6. Brushing, oven drying, and re-weighing of samples
Litterbags were unwrapped, and any adhered soil or plant material was
removed from the litterbag’s surface. The samples were carefully cut open along
the edges using scissors and the enclosed plant material was emptied into a
baking sheet lined with brown masking paper. Relevant information such as the
presence of red velvet mites, small aggregates, and high mass loss were recorded
while brushing visibly adhered soil from the plant litter. I transferred the brushed
sample to a labeled pre-weighed coin envelope that was oven-dried overnight at
60˚C to record the dry mass of the envelope. We oven-dried the processed
samples for at least 72-hours at 60˚C, weighed them, and subtracted the dry mass
of the envelope from the total dry mass to calculate the final dry mass of plant litter
remaining.
7. Milling and ashing of samples
We used a sample mill to grind the whole sample remaining in each litterbag.
Milled samples were stored in labeled coin envelopes. The sample mill was
cleaned in between samples using an XPOWER A-2 electric dust blower
(XPOWER, USA) and 70% ethanol to prevent cross-contaminating other samples.
We adapted a loss-on-ignition (LOI) protocol for sediments to account for the
organic and inorganic fraction in each sample (University of Minnesota’s National
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Lacustrine Core Facility). Ground samples were oven-dried at 60˚C for at least 48hours and transferred to a 28.4-liter weathertight container (IRIS, USA). A thin
layer of orange indicating silica gel beads (Dry & Dry Premium Quality Silica Gel
Desiccant, USA) lined the container’s bottom to prevent mass gain due to
moisture.
Approximately 0.25-grams of the ground sample was weighed into a labeled
aluminum weighing boat (Heathrow Scientific; 57-mm X 14-mm, and 43-mm X 12mm) (Figure 11A). Each weighing boat was covered to avoid a splattering of
samples during combustion, which might create discrepancies in measurements
(Figure 11B). Samples were ignited at 550˚C for 6-hours and cooled overnight in
the Isotemp muffle furnace (Fisher Scientific, USA). Samples were stored in an
airtight container and weighed one at a time (Figure 11C - F).
We accounted for changes in the mass of the weighing boat due to ashing
by recording the mass of ten empty boats before and after ignition. The average
mass loss in a weighing boat resulting from ignition (43-mm boat = 0.00037
grams; 57-mm boat = 0.00024 grams) was added to the final mass (ash remaining
+ boat) measurement. Inorganic mass remaining (i.e., silica adhered to and in plant
tissue) was calculated by subtracting the mass of the empty aluminum boat from
the total final mass remaining (ash remaining + boat) in each sample.
A loss on ignition factor, LOI, is used to calculate the proportion of organic
carbon content in plant litter. For example, an LOI factor close to 1 indicates a high
fraction of organic carbon in the sample, whereas a sample has a high inorganic
content if it is close to zero. LOI is calculated as
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LOI =

(

ground sample (g) initial
ash (g)

)
�
ground sample (g)initial

(4),

where ground sample (g) initial is the initial dry mass weighed into an aluminum boat,
and ash (g) is the inorganic mass remaining post-ignition in a weighing boat.
Loss on ignition data from traveler bags was used as a baseline of initial
organic carbon content in plant litter and to ultimately calculate the initial ash-free
dry mass of all litterbags. Therefore, we averaged the calculate LOI factors by
species to obtain an average LOI factor, LOI x̅ , for each component species (Table
7). A single average LOI factor, LOI x̅ , was calculated for litter mixtures since it was

difficult to separate decomposing plant litter by grass species.

As stated above, LOI is used to calculate mass remaining on an ash-free
basis. The initial and final ash-free dry mass remaining (AFD

initial

and AFD

final,

respectively) in each litterbag is given by the equations
AFD initial = dry mass (g) initial × LOI x̅
where dry mass (g)

AFD final = dry mass (g) remaining × LOI

initial

(5),
(6),

is the initial dry mass of plant litter in a sample, LOI

x̅

is the initial average proportion of organic carbon in plant litter by species. A
detailed explanation is provided in the paragraph above. In equation 6, dry mass
(g)

remaining is

the dry mass that remains in an incubated litterbag (collection period

> 0 yr.), and LOI is the proportion of organic carbon, a value unique to that sample,
in the sample.
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8. Transport loss, mass remaining and corrections
The samples harvested on year zero were used to correct for the initial mass
loss of plant litter in the litterbags due to transport and handling. The difference
between initial- and final ash-free dry mass is the ash-free dry transport mass loss.
The transport mass loss in each traveler bag was subtracted from the
corresponding initial ash-free dry mass of the litterbag. We attribute the high mass
loss in black- and blue grama to the presence of small fragments in the litterbags
which slipped through the pores.
Average ash-free dry transport mass loss was calculated by litter type to correct
the initial ash-free dry mass of litterbags from the collection periods after year zero
(Table 7). We multiplied the correction factor, which is given by dividing 100 by the
ash-free dry percent mass remaining of each traveler bag, by the ash-free dry
mass remaining of each sample, to have a baseline of 100% across litter type and
treatment combinations at year zero.
The percent ash-free dry mass remaining, percent mass remaining, in each
litterbag is given by the equation
AFD final

Percent mass remaining = ( AFD
where AFD

initial

initial

) × 100

is the initial ash-free dry mass in grams and AFD

(7),
final

is the final

ash-free dry mass in grams at the time of harvest. We calculated new transport
mass loss averages that exclude the outliers for each species because the percent
ash-free dry mass remaining of 18 litterbags from August 2018 was greater than
100 (Table 8). After using the new transport mass loss values, there were 13
litterbags with a percent mass remaining greater than 100 so, we reran LOI for
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those samples using 0.5-grams of the ground sample. However, there were still 10
litterbags with mass gain, so we only kept the new LOI values that improved
percent mass remaining.
The last correction was to remove outliers from the inorganic mass remaining
by litter type of the LOI data from August 2018. After removing the outliers, we
calculated a new mean LOI factor by litter type which we only applied to the final
ash-free dry mass of samples that still had a mass gain (Table 9). This last step
corrected six samples, so we only had four values remaining with mass remaining
greater than 100, which we excluded from further analyses.
9. Plant litter quality
A subset of litterbags was selected for δ13C and δ15N analysis of organics with
weight percent elemental concentrations of monocultures and litter mixtures. The
25 samples were randomly selected by species (5 litter types x 5 replicates) using
the sample_n() function in R (R Core Team, 2019) to be representative of initial
litter quality. In addition, we accounted for differences in the initial litter
characteristics of dropseed litterbags by preparing three replicates of each species
(S. contractus, S. flexuosus and S. cryptandrus). We did so because there can be
differences in litter quality among species within a genus.
A random subsample of 46 litterbags that were harvested on the last collection
period was used to assess changes in litter quality by species (Table 2) and
treatment (blue grama, black grama, galleta & multi-species: 1 replicate x 4
species x 9 plots = 36 replicates). Since dropseed litterbags were deployed in six
of the nine plots used in this study, four replicates from ‘Ambient+20mm/month’
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and three replicates from both ‘Water Control’ and ‘Ambient+5mm/week’ (10
replicates) were selected. Samples were prepared by weighing (Mettler-Toledo,
AT21 Comparator) approximately 5-mg of each individually ground sample into a
5mm x 9mm tin capsule (Costech Analytical Technologies, USA). Each tin capsule
was analyzed by the Center for Stable Isotopes (CSI) at the University of New
Mexico using Elemental Analyzer Isotope Ratio Mass Spectrometry (EA-IRMS).
We calculated averages for each litter quality parameter (C, N, C/N, δ13C, and
δ15N) at each harvest and species combination. The samples that were processed
but not analyzed for nutrient concentration were gap-filled with averages from a
comparable species and harvest combination. We calculated the proportion of C
and N remaining in plant litter using the initial and final ash-free dry mass remaining
in the litterbag and the C and N concentration of the sample.
10. Decay constant
We used the single, two-parameter exponential decay model
y = y0 e -kt

(8),

where y is the ash-free dry mass remaining (%) at time (t), y0 is the initial ash-free
dry mass remaining (%), and k is the constant at which litter decays (Olson, 1963).
The decay constant, k, was calculated for each species and plot combination by
fitting a nonlinear regression between ash-free dry mass remaining (%) and time
(0 to 1-year post-deployment) in R (R Core Team, 2019). More specifically, we
used the packages 'drc' (Ritz and others, 2015) and 'aomisc ' (Onofri, 2019), which
use a self-starter, dose-response, exponential decay function to model exponential
decay. We replicated nonlinear curve fitting for each species and plot combination
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in SigmaPlot Version 14.0 (Systat Software, San Jose, CA) to verify the fit of the
models using the Dynamic Fit Wizard.
11. Data analyses
We processed a total of 331 samples (259 single species and 72 mixed
litterbags) from four collection periods. Decay constants were consistently high for
single species litterbags from plot 13, a water control (Table 10). Based on field
observations, it appears that termites drove this mass loss (Figure 10D & E).
Therefore, we excluded data on mass loss and decay from plot 13 since
decomposition was unusually high relative to the other treatments. Therefore, we
analyzed data for 301 samples (221 single species and 72 mixed litterbags).
Data were analyzed in R (R Core Team, 2019) and SigmaPlot Version 14.0
(Systat Software, San Jose, CA). A log-transformation was used as needed to
improve assumptions of normality and homoscedasticity for single- and mixed
species litters.
Single species plant litter. Coefficients of variation (%) were calculated for ashfree dry mass remaining to account for the variation in mass remaining at each
treatment, species, and harvest combination. Separate one-way ANOVAs were
performed to determine differences in initial litter quality (C, N, and C/N) among
species. We performed a three-way ANOVA (treatment x species x time) on mass
remaining (%), decay constant (k), and litter characteristics (C, N, C/N, δ13C, and
δ15N). A Tukey HSD post-hoc test was used to detect differences between groups.
If there was a significant interaction between factors, we followed up with one-way
ANOVAs.
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We pooled single species data to evaluate the association between initial litter
quality parameters and final litter mass remaining, and final litter C and N
concentration using Spearman’s rank correlation. Lastly, we evaluated the
relationship between litter mass remaining and litter characteristics (C and N
remaining, and δ13C and δ15N) by species to determine patterns of nutrient release
during decomposition.
Litter mixtures. Decay constants from mixed litters were comparable across
treatment plots, so we did not exclude data (Table 11). Coefficients of variation
were calculated for mass remaining (%) at each treatment and harvest
combination. Changes in litter mass remaining (%), decay constant (k), and litter
characteristics (C, N, C/N, δ13C, and δ15N) were determined using a two-way
ANOVA (treatment x harvest). A Tukey HSD post-hoc test was used to detect
differences between groups if there was a significant difference. To assess
patterns of nutrient dynamics during decomposition, we performed regression
analyses between litter mass remaining and litter characteristics (C and N
remaining, and δ13C and δ15N).
As in Blair and others (1990), we calculated the expected mass remaining of
litter mixtures in water treatments using the observed mass remaining of the four
component species at each collection period. Therefore, we excluded data from
plot six (5-mm·week-1), and ten (20-mm·month-1). Expected mass remaining in
the water control only reflects data from plot eight since we excluded data from
plot 13, and dropseed litterbags were unsampled in plot 11. We calculated the
expected decay constant for mixed litters, as previously described.
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Results
1. Pulse size effects on single species decomposition
Initial litter quality. There was a significant difference among the initial litter
nitrogen of S. flexuosus (0.67%) and S. contractus (0.37%) in the Sporobolus spp.
mixture (Table 12; one-way ANOVA, P < 0.01). Although not significant, S.
contractus (137.23) had a higher C/N ratio than S. flexuosus (70.2), and therefore,
the lowest litter quality in the Sporobolus spp. mixture.
There were significant differences among the four component species in their
initial litter quality parameters (Table 13; one-way ANOVAs). Litter carbon ranged
from 51.82% (B. eriopoda) to 46.24% (P. jamesii) and was significantly higher in
B. eriopoda compared to all other species. The concentration of litter nitrogen was
highest in P. jamesii (0.70%) and B. gracilis (0.62%), and lowest in B. eriopoda
(0.48%). Litter quality was lowest for B. eriopoda (C/N = 109.04) and comparatively
higher for P. jamesii (C/N = 68.64) and B. gracilis (C/N = 81.4).
Initial mass loss. There were no significant differences in mass remaining
among treatment and species after one month in the field (Two-way ANOVA, P >
0.05). Mass loss between 1- and 6-months post-deployment was high in the 20mm·month-1 treatment for B. gracilis (28.13%) and P. jamesii (21.99%) (Table 14;
Figure12B & C). After one-month, B. gracilis (20.76%) and P. jamesii (14.86%)
had the highest coefficients of variation in the 5-mm·week-1 treatment (Table 14).
After 6-months, there was a significant difference in mass remaining among B.
eriopoda and B. gracilis, but not among rainfall treatments (Table 14; two-way
ANOVA, P

Species

< 0.05). In the 20-mm·month-1 treatment, the coefficients of
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variation were highest for B. gracilis (36.64%), Sporobolus spp. (33.32%), and P.
jamesii (20.44%) after 6-months in the field.
Final mass remaining. Mass remaining differed significantly among component
species but not with treatment after one-year (Two-way ANOVA, P

Species

< 0.001).

The mass remaining of B. gracilis was significantly lower throughout the study
period than that of B. eriopoda, Sporobolus spp, and P. jamesii. However, the
greatest difference in mass remaining was between B. gracilis (63.45%) and B.
eriopoda (76.88%) after the incubation. After a year, coefficients of variation were
comparatively high for P. jamesii (28.44%) and Sporobolus spp (14.64%) in the
20-mm·month-1 treatment (Table 14). We did not find a significant difference in
decay constants (k) among treatments or species (Two-way ANOVA, P > 0.05).
Nonetheless, the decay constant of B. gracilis was twice that of B. eriopoda in all
but the 5-mm·week-1 treatment (Figure 13).
Final litter quality. Litter carbon, nitrogen, and C/N ratio differed significantly
among species and not with rainfall treatments (Table 15; multiple three-way
ANOVAs, P < 0.001). There was a significant decrease in carbon in all species
(multiple one-way ANOVAs, P < 0.001). However, B. eriopoda had the highest
concentration of carbon remaining after one year (Figure 14A). Nitrogen
significantly increased in B. eriopoda (Figure 14B; one-way ANOVA, P < 0.05).
Litter C/N decreased significantly only in B. eriopoda and B. gracilis (Figure 14C;
multiple one-way ANOVAs, P < 0.001).
Initial nitrogen and C/N ratio was significantly correlated to the final mass
remaining (Table 16, P < 0.05 ) and nitrogen concentration (P < 0.001) of single-
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species litter after one year. Across species, there was a significant negative
relationship between mass remaining and carbon remaining (Figure 15). Carbon
loss was not proportional to mass loss. In all species, the line of best-fit trends
below the identity line suggesting mineralization of carbon after one year. Similarly,
there was a decrease in nitrogen remaining with increasing mass loss, and the
relationship differed by species (Figure 16). B. gracilis was the only species to
trend close to the identity line, which suggests that nitrogen decreased
proportionally with mass remaining. The line of best fit trended below the identity
line for B. gracilis, P. jamesii, and Sporobolus spp., which is indicative of nitrogen
mineralization. In B. eriopoda, nitrogen immobilization persisted after one year.
There was a significant difference among initial and final values of δ13C and
δ15N in all species (Three-way ANOVA, P < 0.001) except P. jamesii (Individual
one-way ANOVAs). This finding indicates a fractionation of δ 13C and δ 15N in the
component species after one-year. There was a depletion of δ 13C and enrichment
of δ 15N in B. eriopoda, B. gracilis, and P. jamesii, but an enrichment of δ 13C and
depletion of δ 15N in Sporobolus spp. (Figure 17).
2. Pulse size and nitrogen enrichment effects on mixed litter decomposition
Mass loss. After one month, less mass remained for litter mixtures in the 20mm·month-1 (87.94%) and 5-mm·week-1 (89.12%) treatment relative to the
ambient rainfall plots (98.28%) (Figure 18A). We found that less mass remained
in the 5-mm·week-1+nitrogen (81.07%) treatment, a mass loss of 18.93%, relative
to the 20-mm·month-1+nitrogen (95.30%) treatment and the water control+nitrogen
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(96.59%) after one-month (Table 17; Figure 18B). However, these differences
were not significant in water+nitrogen treatments (One-way ANOVA, P = 0.14).
High mass loss persisted in the 20-mm·month-1 treatment relative to the 5mm·week-1 treatment and water control after 6-months and 1-year in the field
(Table 17; Figure 18A). Halfway through the study period, less mass remained in
the 20-mm·month-1+nitrogen (69.03%) treatment, but after one year, less mass
remained in the 5-mm·week-1+nitrogen (58.53%) treatment (Table 17; Figure
18B). There were no statistically significant differences among water+nitrogen
treatments after 6-months and 1-year in the field despite the observed changes in
mass remaining (individual one-way ANOVAs, P = 0.39 & P = 0.34, respectively).
The coefficients of variation ranged from 25.67 to 39.3% across collection periods
in the 5-mm·week-1+nitrogen treatment. Conversely, coefficients of variation were
only high after 6-months (24.66%) and 1-year (29.09%) post-deployment in the 20mm·month-1+nitrogen treatment (Table 17).
Decay constant. We expect a possible enhancement of decomposition in the
20-mm·month-1 (k = 0.418 y-1) treatment relative to the 5-mm·week-1 (k = 0.327 y) treatment and water control (k = 0.336 y-1) (Figure 19A). Modeled decay

1

constants for litter mixtures in water treatments suggest a potential additive effect
of diversity in the water control and 5-mm·week-1 treatment, but an antagonistic
effect in the 20-mm·month-1 treatment (Table 19). Decay constants did not differ
significantly among water+nitrogen enrichment treatments (Figure 19B; one-way
ANOVA, P > 0.05). Nonetheless, decomposition was enhanced in the 5-mm·week-
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+nitrogen (k = 0.533 y-1) and 20-mm·month-1+nitrogen (k = 0.499 y-1) treatment

1

relative to the water control (k = 0.309 y-1) (Table 20).
Litter quality. Initial litter carbon and nitrogen was 50.88% and 0.50%,
respectively, and the C/N ratio was 100.14. Those initial litter quality parameters
closely resemble the characteristics of the low-quality species, B. eriopoda, and
Sporobolus spp. The only significant difference was among initial and final values
of litter carbon, nitrogen, and C/N ratio, but not among water+nitrogen treatments
(Figure 20 & Table 18; multiple two-way ANOVAs, P

Time

< 0.001). There was a

significant difference among initial (δ13C = -15.14 ± 0.05) and final values of δ13C
(Table 18 & 20; two-way ANOVA; P Time < 0.01), but no change in δ15N.
After one year, there was a loss of litter carbon (Figure 21; R2 = 0.95; P < 0.001)
and nitrogen (Figure 21; R2 = 0.88; P < 0.001) as mass remaining decreased. The
relationship between mass remaining and litter C and N remaining was not
proportional. The line of best fit trended above and below the identity line for litter
nitrogen and carbon. This trend suggests an immobilization of nitrogen and
mineralization of carbon in litter mixtures. The isotopic signature of litter mixtures
had the least amount of fractionation compared to the isotopic signature of the four
component species (Figure 17). Despite this finding, there was a significant
depletion of δ13C (Table 18; two-way ANOVA, P < 0.01), and retention of δ15N in
litter mixtures.
Discussion
This one-year field experiment assessed the impact of growing season rain
pulses on the decomposition and nutrient dynamics of four species of perennial C4
grasses in a Chihuahuan Desert grassland in central New Mexico. We used whole
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plant litter C and N, and fractionation in δ13C and δ15N to evaluate nutrient release
patterns by species after a year of incubation. Similarly, we studied the effect of
rain pulses and nitrogen enrichment on the decay constant of mixed-species grass
litter to determine the potential impact of global change on multi-species grass
communities. This study found (i) similarities in decomposition among water
regimes, (ii) species-specific differences in decomposition and nutrient dynamics,
and (iii) a non-significant but persistent effect of pulse size and nitrogen enrichment
on mixed litter decomposition.
Aboveground litter decomposition is temporally similar despite shifts in
water regimes.
We hypothesized that small weekly rain pulses during the growing season
would significantly enhance the mass loss and decomposition constants of four
species of perennial grasses and that the effects would persist after one year.
There were slight (but not significant) differences in mass remaining between water
addition and ambient rainfall plots after one- and 6-months of incubation (Figure
12). Since the loss of soluble compounds characterizes the early stages of
decomposition (Garcia-Palacios and others, 2016; Moorhead and Reynolds, 1989;
Whitford and others, 1986), the slight increase in mass loss during the first months
of incubation in pulse treatments might be due to an additional loss of soluble
compounds through leaching with water amendments. After 12-months, mass
remaining and decomposition constants were similar among rainfall treatments
suggesting that pulse response thresholds do not persist in the early stages of
grass litter decomposition.
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Two studies previously assessed pulse response thresholds on litter
decomposition in a Chihuahuan Desert shrubland in southern New Mexico. These
studies used leaf litter from Prosopis glandulosa (C3 legume) (Joly and others,
2017), and Larrea tridentata (C3 shrub) (Whitford and others, 1986), and found
significantly higher rates of decomposition with frequent small pulses. Both plants
have higher leaf nitrogen (%) and lower C/N ratios (15.3 and 26.7, respectively)
than the four species of perennial grasses used in our study (Table 13). These
differences in litter quality might explain why our results differ from findings by
Whitford and others (1986) and Joly and others (2017). Moreover, studies on
functional diversity have found that the decomposition of grasses is enhanced
when legumes are present in the litter mixture (McLaren and Turkington, 2011;
Scherer‐Lorenzen, 2011). Therefore, rain pulses might be more significant to
decomposition in a shrubland to grassland ecotone than in a transition zone
between two perennial grasslands.
Ambient monsoon precipitation at our study site was 137.8-mm in 2018,
whereas small and large treatment plots received a total of 197.8-mm of water
during the monsoon season (Figure 7B). Despite differences in water inputs to
treatment plots during the monsoon season, we did not find a significant difference
in decomposition between treatments at each collection period. Therefore,
similarities in aboveground abiotic conditions such as volumetric water content (%
VWC) might explain this lack of significant differences in decomposition with pulse
size. This finding is consistent with the conceptual framework that ecosystem
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respiration is "independent of pulse duration" because moisture limits microbial
activity at the soil surface (Huxman and others, 2004).
There were notable differences in vegetation (Herrera and others, 2011),
biological soil crust, and bare cover between treatment plots at the study site
(personal observation). Small and large pulse treatments have high grass cover
and intermittent biological soil crust cover, whereas ambient rainfall plots have low
vegetation cover and bare spaces. Consequently, decomposition within and
between treatment plots might have differed with microsites, possibly explaining
the high coefficients of variation and lack of significant treatment effects at each
collection period (Table 14).
Species-specific differences in the decomposition and nutrient dynamics of
monocultures.
We hypothesized (and found) that the decomposition and nutrient dynamics
of perennial grasses differed significantly among species. This finding suggests
that species-specific differences in plant litter are important to litter decomposition
in desert grasslands. Therefore, changes in species composition can have more
lasting effects on decomposition and nutrient cycling than pulse-sized thresholds.
Vivanco and Austin (2006) found that the intrinsic characteristics of grasses, such
as litter quality, regulate the decomposition of grass species from North and South
American grasslands. Similarly, a global meta-analysis found that plant litter traits
drive species-specific differences in decomposition (Cornwell and others, 2008).
Therefore, changes in climate that modify litter traits can have consequences on
carbon cycling at a regional level.
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The plant litter used in this study ranged from low (B. eriopoda, C/N =
109.04) to high (P. jamesii, C/N = 68.64) quality. Initial litter N (%) and C/N ratio of
the four species moderately explained the concentration of N (%) in plant litter after
1-year of decomposition. In contrast, we found weak effects of initial litter N and
C/N ratios on the final mass remaining of plant litter after 1-year of decomposition.
This correlation is consistent with findings from Garcia-Palacios and others (2016),
where high initial N (%) of plant litter often leads to higher nitrogen losses.
There was mineralization of litter carbon and nitrogen in all species except
B. eriopoda. It may be that nitrogen concentration in B. eriopoda had not reached
the critical value needed for nitrogen mineralization to occur (Manzoni and others,
2008). Therefore, nitrogen was still immobilized (retained) in B. eriopoda litter after
1-year of decomposition. Furthermore, there were distinct contrasts in the
decomposition of B. eriopoda (k = 0.24 y-1) and B. gracilis (k = 0.478 y-1).
Altogether, these findings suggest that drivers of global change that increase the
abundance of B. gracilis in Chihuahuan Desert grasslands, such as atmospheric
nitrogen deposition (Baez and others, 2007), can have lasting impacts on carbon
and nitrogen pools.
In this study, we found a depletion of δ13C and an enrichment of δ15N in all
species except Sporobolus spp. The observed fractionation in 13C suggests a loss
of labile compounds (i.e., sucrose and starch) and retention of lignin, depleted in
C (Benner and others, 1987). In contrast,

13

C enrichment in Sporobolus spp.

13

might be explained by 1) incorporation of external sources of carbon (i.e., fungal
hyphae, exudates or soil) into the litter (Asada and others, 2005; Bohara and
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others, 2019; Wedin and others, 1995), and 2) an advanced stage of
decomposition in the plant litter (Fernandez and others, 2003; Wedin and others,
1995). It might be that microbial activity was more prevalent in Sporobolus litter
than

other

plant

litter

species

because

macroaggregate

formation

around Sporobolus litterbags was typical during the monsoon season (Figure 10
A&B). Macroaggregates create a physically protected microhabitat for microbes
(Jiang and others, 2018), which increases microbial colonization and promotes
decomposition despite low moisture availability at the soil surface (Barnes and
others, 2012; Hewins and others, 2017).
Nitrogen enrichment modifies the effect of pulse-sized thresholds on mixed
litter decomposition.
We found that litter mixtures had an immediate positive effect (but not
significant) on mass loss with frequent small pulses. This finding is consistent with
the pulse response framework (Huxman and others, 2004; Schwinning and Sala,
2004) in that microbial activity was enhanced with water pulses; however, we only
observed these differences because nitrogen was not limiting microbial activity. As
in monocultures, the coefficients of variation were high for water+nitrogen
treatments, and therefore we did not find significant differences in decomposition
among treatments. Nonetheless, it appears that the effects of pulse-sized
thresholds can persist in the decomposition of litter mixtures when nitrogen is not
a limiting resource in soils.
After 1-year of decomposition, high rates of nitrogen enrichment (5 g m2 y) stimulated carbon losses but led to a retention of nitrogen in the plant litter. This

1
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finding suggests that plant litter will assist in retaining external sources of nitrogen
in the ecosystem. These findings highlight the importance of studying the
interaction between multiple drivers of global change on decomposition and
nutrient cycling in desert grasslands. Since nitrogen deposition will reduce plant
diversity (Vitousek and others, 1997) and modify species dominance (Baez and
others, 2007), future litter mixing studies should incorporate litter types that
resemble the species composition of treatment plots from long-term experiments.
A litter mixing study using two litter types with contrasting quality (high- and
low) found an increase in decomposition when the two species decomposed in
mixtures instead of monocultures (Palacios-Garcia, 2012). Our results parallel
these findings in that we found that the decomposition of litter mixtures resembled
the decomposition of the high-quality plant litters (B. gracilis and P. jamesii) in
monocultures. Therefore, it might be that nutrients were leached from the high- to
low-quality species with ambient rainfall and supplemental watering events (Hector
and others, 2000), which improved the decomposability of species in mixtures.
Meta-analyses and reviews on litter mixing experiments have found
contradicting effects of diversity on decomposition (Hättenschwiler and others,
2005; Liu and others, 2019; Porre and others, 2020). A majority of studies found
additive effects of diversity on decomposition; however, the studies that find nonadditive effects tend to find synergistic interactions (Porre and others, 2020). There
is a lack of understanding of the effects of diversity in drylands since most litter
mixture studies were conducted in forested ecosystems. Our study suggests that
the decomposition of perennial grasses with differing litter characteristics
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increases when water and nitrogen are not limiting resources during the growing
season. However, we did not place single species litterbags in water+nitrogen
treatment plots, so we cannot fully determine the effect of diversity on
decomposition in this experiment (Wardle 1999, personal communication).
Consequently, a future direction is to replicate this experiment to determine the
effect of diversity on ecosystem functioning under two global change scenarios.
Conclusion
This study contributes evidence to support that species composition is
crucial to ecosystem functioning in desert grasslands. Pulse-sized thresholds do
not appear to have a significant temporal effect on litter decomposition, possibly
due to similarities in shallow soil moisture and solar radiation. However, the
interaction between high rates of atmospheric nitrogen deposition and shifts to
water regimes will likely increase the importance of pulse-sized thresholds on
decomposition in mixed-species grasslands. Our data suggest that the
decomposability of perennial grasses is enhanced when a species with high litter
quality is present in the litter mixture. Therefore, shifts in species dominance that
increase the abundance of Bouteloua gracilis might enhance the turnover
of Bouteloua eriopoda, a low-quality perennial grass, if litter mixing of both species
occurs. We conclude that plant species composition is critical in predicting the
impact of global change in drylands. Because the results of litter mixture studies
are site-specific, more research is needed to increase our understanding of
diversity on ecosystem function in desert grasslands.
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Figures

Figure 1. Chihuahuan Desert grassland (A), cryptogamic crusts (B & C) and
termites (D & E) in the Sevilleta National Wildlife Refuge, New Mexico, USA.
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Figure 2. Annual (A), spring (B), winter (C), and summer (D) precipitation at the
Deep Well meteorological station (station 40) in the Sevilleta National Wildlife
Refuge. Means (dashed lines) are based on a 30-year record (1989 - 2018) from
this site.
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Figure 3. Daily maximum (A), mean (B), and minimum (C) air temperatures
recorded at the Deep Well meteorological station during the study period (light
grey).
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Figure 4. Snow showers on December 2018 (A), January 2019 (B), February
2019 (C), and March 2019 (D) at the Monsoon Rainfall Manipulation Experiment
(MRME).
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Figure 5. Daily relative humidity (A), soil moisture (B) and total solar radiation
(400 – 1,100 nanometers) (C) recorded at the Deep Well meteorological station
during the study period (light grey).
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Figure 6. Experimental layout of the monsoon rainfall manipulation experiment
(MRME). Sampled experimental plots and subplots are depicted in full color. This
map is an adaptation of the map from http://sevlter.unm.edu/node/2106.
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Figure 7. A) Daily ambient rainfall during the 2018-2019 study period (light grey).
Watering treatments were applied from July through September (light blue). B)
Rainfall and watering events at MRME in the 2018 monsoon season. Ambient
rainfall amounted to 137.8-mm, and both small and large event treatments
received a total of 197.8-mm of precipitation.
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Figure 8. Litterbags were deployed at an 8-cm distance from a patch of grass to
avoid a shading effect (A). Sod staples held litterbags in place while stake wire
flags marked their location (B). Replicate litterbags were harvested at each
collection period (C).
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Figure 9. Collection period expressed as: A) harvest day, B) day since
deployment, and C) harvest year. Bold italics denote values used in analysis for
the second collection period.
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Figure 10. Observation of soil aggregates (A & B), soil-litter mixing (C), termite
activity (D & E) and seedling ingrowth (F) in litterbags from various collection
periods.
53

Figure 11. Milled samples (A) were ashed in a muffle furnace at 550˚C for 6hours (B). Above are post-loss on ignition ashes from a traveler bag (C), an
August 2018 bag (D), a January 2019 bag (E), and a July 2019 bag (F).
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Figure 12. Percent mass remaining curves for single species plant litter with data
from plot 13 excluded. Points are the mean of percent ash-free dry mass
remaining. Error bars are standard errors.
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Figure 13. Decay constants for single species plant litter that only received water
treatments with data from plot 13 excluded.
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Figure 14. Initial and final mean (+ SE) litter A) carbon, B) nitrogen, and C) C/N
ratio by species. Letters denote statistically significant differences (P < 0.05)
among species and asterisks (*) differences among harvest.

57

Figure 15. Relationship between the proportion of ash-free dry mass remaining
and carbon remaining in plant litter by species. Depicted are the identity line
(black line) and line of best fit (red line).

58

Figure 16. Relationship between the proportion of ash-free dry mass remaining
and nitrogen remaining in plant litter by species. Depicted are the identity line
(black line) and line of best fit (red line).
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Figure 17. The initial (n = 5 per litter species) and final (n = 9 per litter species)
isotopic signature (mean ± SE) of single and multi-species plant litter.
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Figure 18. Predicted mass remaining of litter mixtures for water treatments (A)
and measured mass remaining for water and nitrogen treatment (B). Points are
the mean of percent ash-free dry mass remaining and the error bars are standard
errors.
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Figure 19. Predicted decay of litter mixtures by water treatment (A) and
measured decay for water and nitrogen treatment (B).
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Figure 20. Multi-species mean litter A) % carbon, B) % nitrogen, and C) C/N by
collection period. Letters denote statistically significant differences in litter quality
between collection periods. Error bars are standard errors.
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Figure 21. Relationship between the proportion of ash-free dry mass remaining
and litter carbon (A) and nitrogen remaining (B) in mixtures. Depicted are the
identity line (black line) and line of best fit (red line).
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Tables
Table 1. Manual watering events at MRME, indicated by shaded cells, by
treatment in the monsoon season of 2018.
Watering events

5-mm/week &
+ Nitrogen

7/2/18
7/9/18
7/16/18
7/24/18
8/1/18
8/6/18
8/13/18
8/20/18
8/28/18
9/3/18
9/10/18
9/17/18
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20-mm/month &
+ Nitrogen

Table 2. We used the scientific name and species code to differentiate between
the litter types used in this study. Single species litterbags, made from each
component species, only received water treatments. Multi-species litterbags were
a mixture of all species and received water treatments and nitrogen addition.

Species code

B. eriopoda

Black grama

BOER4

B. gracilis

Blue grama

BOGR2

P. jamesii

James' galleta

PLJA

S. flexuosus

Mesa dropseed

S. cryptandrus

Sand dropseed

S. contractus

Spike dropseed

SPORO

Single
species
Water
treatment
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Water + Nitrogen

Combined

Common name

Multi-species

Uncombined

Scientific name

Table 3. Initial descriptive statistics for single species (B. eriopoda, B. gracilis, P.
jamesii and Sporobolus) litterbags and multi-species litterbags
(mean ± SD).

Species

N

Empty
litterbag (g)

Initial wet
mass
(g)

Initial dry
mass
(g)

Thickness
(Layers)

B. eriopoda

180

1.833
+
0.18

3.303
+
0.16

3.204
+
0.16

3.633
+
1.91

B. gracilis

140

1.757
+
0.08

3.194
+
0.16

3.082
+
0.16

4.25
+
0.59

P. jamesii

140

1.743
+
0.03

3.083
+
0.12

2.969
+
0.11

3.943
+
0.61

Sporobolus
Spp.

80

1.849
+
0.16

2.998
+
0.06

2.899
+
0.06

4.138
+
0.71

Mixtures

108

1.78
+
0.12

4.242
+
0.19

4.091
+
0.19

7.111
+
0.81
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Table 4. Wet-dry ratio for subsamples of single species bags by litter type
(mean ± SD).
Species

N

B. eriopoda

18

B. gracilis

14

P. jamesii

14

Sporobolus
Spp.

8

Wet Mass Litter (g)

Dry Mass (g)

Wet-dry Factor

1.163
+
0.13
1.086
+
0.09
1.074
+
0.08
1.023
+
0.05

1.129
+
0.12
1.048
+
0.09
1.034
+
0.07
0.989
+
0.05

0.9704
+
0.004
0.9649
+
0.005
0.9629
+
0.01
0.967
+
0.003

Table 5. Wet-dry ratio for subsamples of multi-species bags (mean ± SD).
Species

N

B. eriopoda

11

B. gracilis

11

P. jamesii

11

Sporobolus
Spp.

11

Wet Mass Litter (g) Dry Mass (g) Wet-dry Factor
1.041
+
0.03
1.019
+
0.04
1.041
+
0.09
1.007
+
0.03
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1
+
0.03
0.983
+
0.03
1.006
+
0.08
0.973
+
0.02

0.961
+
0.009
0.964
+
0.01
0.966
+
0.009
0.966
+
0.008

Table 6. Schedule of litterbag collection periods in months post-deployment.
Some collection periods took place on non-scheduled days due to inclement
weather.
Month(s) postdeployment

Projected harvest day

Actual harvest day

0

July 6th, 2018

July 6th, 2018

1

August 3rd, 2018

August 3rd & 4th, 2018

2

September 7th, 2018

September 8th, 2018

3

October 5th, 2018

October 5th, 2018

6

January 4th, 2019

January 20th, 2019

12

July 5th, 2019

July 5th, 2019

Table 7. Descriptive statistics for single and mixed-species traveler bags
collected on July 6, 2018 (mean ± SD).
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Table 8. Corrected ash-free dry transport mass loss values used to correct
litterbags at all collection periods (mean ± SD). Removed 12 outliers.

Species

N

Average ash-free dry
transport mass loss (g)
+
SD

B. eriopoda

16

0.186 + 0.07

B. gracilis

10

0.101 + 0.02

P. jamesii

16

0.147 + 0.07

Sporobolus
Spp.

11

0.0724 + 0.04

Mixtures

18

0.153 + 0.11

Table 9. Adjusted loss on ignition (LOI) averages (± SD) used to correct the final
ash-free dry mass (g) of August 2018 litterbags with a percent mass remaining
greater than 100. Removed 8 outliers from the data set.
Species

N

Adjusted LOI

B. eriopoda

18

0.8631 + 0.03

B. gracilis

15

0.8298 + 0.04

P. jamesii

15

0.8532 + 0.02

Sporobolus
Spp.

11

0.8732 + 0.06

Mixtures

17

0.8607 + 0.02
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Table 10. Decay constant, standard error (SE), R2 and SE of estimate for each
species (Table 2) * treatment * plot combination of single species litterbags.
Species

Treatment

Plot

BOER4
BOER4
BOER4
BOER4
BOER4
BOER4
BOER4
BOER4
BOER4
BOGR2
BOGR2
BOGR2
BOGR2
BOGR2
BOGR2
BOGR2
BOGR2
BOGR2
PLJA
PLJA
PLJA
PLJA
PLJA
PLJA
PLJA
PLJA
PLJA
SPORO
SPORO
SPORO
SPORO
SPORO
SPORO

Water control
Water control
Water control
Ambient+5mm/wk.
Ambient+5mm/ wk.
Ambient+5mm/ wk.
Ambient+20mm/ mo.
Ambient+20mm/ mo.
Ambient+20mm/ mo.
Water control
Water control
Water control
Ambient+5mm/ wk.
Ambient+5mm/ wk.
Ambient+5mm/ wk.
Ambient+20mm/ mo.
Ambient+20mm/ mo.
Ambient+20mm/ mo.
Water control
Water control
Water control
Ambient+5mm/ wk.
Ambient+5mm/ wk.
Ambient+5mm/ wk.
Ambient+20mm/ mo.
Ambient+20mm/ mo.
Ambient+20mm/ mo.
Water control
Water control
Ambient+5mm/ wk.
Ambient+5mm/ wk.
Ambient+20mm/ mo.
Ambient+20mm/ mo.

11
13
8
3
6
9
10
12
4
11
13
8
3
6
9
10
12
4
11
13
8
3
6
9
10
12
4
8
13
3
9
12
4
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Decay
(k)
0.2462
1.0633
0.2313
0.3057
0.2746
0.2433
0.2548
0.2020
0.1668
0.4903
1.2374
0.4657
0.5132
0.4345
0.2920
0.5698
0.5682
0.3738
0.3140
1.0322
0.3480
0.4261
0.3483
0.2227
0.3245
0.3972
1.0590
0.3003
1.4355
0.3436
0.2723
0.3095
0.4831

SE

R2

0.0176
0.2302
0.0245
0.0495
0.0410
0.0433
0.0244
0.0306
0.1504
0.0248
0.5455
0.0431
0.0247
0.0728
0.2188
0.3163
0.1014
0.0574
0.0311
0.5576
0.0334
0.0606
0.0841
0.1362
0.0683
0.0227
0.2472
0.0249
0.5222
0.0192
0.0595
0.0235
0.2609

0.9719
0.8610
0.9400
0.8730
0.8889
0.8483
0.9507
0.8840
0.1754
0.9842
0.6012
0.9625
0.9872
0.8481
0.2426
0.3955
0.8630
0.8870
0.9577
0.4702
0.9584
0.9030
0.7940
0.3195
0.8040
0.9828
0.8513
0.9632
0.7299
0.9863
0.7890
0.9630
0.3991

SE of
Estimate
1.7123
12.4524
2.4120
4.5983
3.7920
4.1211
2.3357
3.0279
13.8369
2.3223
25.8821
3.5746
2.1495
6.5724
17.5025
23.2641
7.4451
4.8485
2.3716
27.8889
2.9292
5.1055
6.1471
11.6811
6.0597
1.9823
11.9019
2.3674
21.4524
1.4866
5.3747
2.4725
19.3043

Table 11. Decay constant, standard error (SE) of decay, R2 and SE of estimate
for treatment * plot combination of multi-species (Table 2) litterbags.

Treatment

Plot

Decay
(k)

SE

R2

SE of Estimate

Water control+ Nitrogen

13

0.2849

0.0176

0.9792

1.6630

Water control+ Nitrogen

11

0.3026

0.0408

0.9084

3.7782

Water control+ Nitrogen

8

0.3411

0.0347

0.9462

3.1800

Ambient+5mm/wk.+ Nitrogen

6

0.3318

0.0223

0.9758

2.0226

Ambient+5mm/wk.+ Nitrogen

9

0.9554

0.4673

0.5081

22.9326

Ambient+5mm/wk.+ Nitrogen

3

0.3116

0.0294

0.9530

2.7249

Ambient+20mm/mo.+ Nitrogen

10

0.8669

0.2866

0.6813

18.0322

Ambient+20mm/mo.+ Nitrogen

12

0.3070

0.0494

0.8745

4.4535

Ambient+20mm/mo.+ Nitrogen

4

0.3242

0.0455

0.9021

4.1252
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Table 12. Initial litter characteristics of the Sporobolus spp. mixture (Table 2).
S. flexuosus

S. cryptandrus

S. contractus

F 2, 6

C (%)

46.83 ± 0.32

46.03 ± 0.62

45.43 ± 2.97

0.159

N (%)

0.67 ± 0.03 a

0.50 ± 0 ab

0.37 ± 0.07 bc

12.2 **

C/N

70.2 ± 0.85

95.23 ± 1.96

137.23 ± 28.07

4.34

δ13C (‰)

-15.4 ± 0.06 a

-15.4 ± 0 b

-14.7 ± 0 c

147 ***

δ15N (‰)

-0.77 ± 0.03 a

-2.7 ± 0.15 b

-1.6 ± 0.15 c

59.05 ***

Values are the mean ± standard error (SE) of 3 replicates for each species.
A one-way Analysis of Variance was performed for each initial litter quality
parameter.
Significance levels : * P < 0.05, ** P < 0.01, and *** P < 0.001.
Letters denote significant differences among species within the SPORO mixture.

Table 13. Initial litter characteristics of the four component species (Table 2).
B. eriopoda

B. gracilis

P. jamesii

Sporobolus

F 3,16

C (%)

51.82
± 0.27 a

49.02
± 0.27 b

46.24
± 1.04 c

48.30
± 0.57 bcd

13.64 ***

N (%)

0.48
± 0.2 a

0.62
± 0.02 ab

0.70
± 0.05 bc

0.52
± 0.06 abd

5.481 **

C/N

109.04
± 3.54 a

81.4
± 3.03 b

68.64
± 6.46 bc

98.56
± 9.37 abd

8.497 **

δ13C (‰)

-15.72
± 0.04 a

-14.88
± 0.06 b

-15.46
± 0.14 ac

-15.3
± 0.07 cd

16.32 ***

δ15N (‰)

-4.46
± 0.08 a

-1.88
± 0.16 b

-1.36
± 0.22 bc

-1.4
± 0.08 bcd

98.32 ***

Values are the mean ± standard error (SE) of 5 replicates for each species.
A one-way Analysis of Variance was performed for each initial litter quality parameter.
Significance levels: * P < 0.05, ** P < 0.01, and *** P < 0.001.
Letters denote significant differences among species.
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Table 14. Ash-free dry mass remaining (mean ± SE) and coefficient of variation
(CV) for the four component species by water treatment and collection period.

Table 15. Treatment and species effects on the litter quality parameters of single
species litter.
C
(%)

N
(%)

C/N
ratio

δ13C
(‰)

δ15N
(‰)

df

F

P

F

P

F

P

F

P

F

P

Treatment
(T)

2

1.4

0.250

0.4

0.681

0.73

0.487

0.63

0.535

1.74

0.183

Species
(S)

3

33

<
0.001

24

< 0.001

29.1

< 0.001

78.2

< 0.001

274.5

< 0.001

Time
(H)

1

377

< 0.001

1.4

0.247

18.3

< 0.001

1.56

0.215

11.87

<0.001

TxS

6

0.2

0.970

0.8

0.540

0.75

0.610

0.28

0.946

1.65

0.145

TxH

2

3.1

0.051

0.4

0.677

1.05

0.354

0.86

0.428

3.40

< 0.05

SxH

3

12

< 0.001

3

< 0.05

2.96

< 0.05

4.09

< 0.01

15.22

< 0.001

TxSxH

6

0.3

0.948

1.3

0.257

1.16

0.336

0.37

0.897

2.57

< 0.05

F - and P values from a three-way ANOVA for treatment and species effects on plant litter characteristics.
df for litter quality parameters.
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Table 16. Correlation between initial litter characteristics (C, N, and C/N) and
final litter mass (%) and nutrients (C and N) for single species litter (N = 57).
Initial C (%)

Initial N (%)

Initial C/N

Mass
remaining (%)

0.139

- 0.275 *

0.273 *

Final C (%)

0.0246

- 0.259

0.21

Final N (%)

- 0.291 *

0.494 ***

- 0.485 ***

Significant correlations are indicated by: * P < 0.05 & *** P < 0.001

Table 17. The mass remaining (mean ± SE) and coefficient of variation (CV) of
litter mixtures by collection period (0, 0.079, 0.545 and 1-year post deployment)
and treatment.
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Table 18. Treatment (T) effects on the litter quality of litter mixtures in water +
nitrogen treatments.
C
(%)

N
(%)

C/N
ratio

δ13C
(‰)

δ15N
(‰)

df

F

P

F

P

F

P

F

P

F

P

T

2

1.443

0.2622

1.125

0.3464

1.493

0.2511

0.250

0.7809

1.399

0.2724

Time
(H)

1

125.56

<0.001

22.969

<0.001

23.045

<0.001

10.722

< 0.01

0.299

0.5912

TxH

2

2.405

0.1186

1.875

0.1821

2.489

0.1111

0.418

0.6646

2.332

0.1257

T = Treatment
F - and P value from a two-way ANOVA for treatment and species effects on litter characteristics.
df for litter quality parameters (C, N, C/N ratio, δ13C and δ15N).

Table 19. Additive and non-additive interaction of diversity on litter
decomposition by water treatment. The interaction was determined by comparing
the mean decay constant of litter mixtures (k -1 mixtures) by the mean decay of the
component species (X̅ single species).

Treatment

Interaction k -1 mixtures Relationship X̅ single species

WaterControl

Additive

0.336

=

0.336

Ambient+5mm/wk.

Additive

0.327

=

0.327

Ambient+20mm/mo.

Nonadditive:
Antagonistic

0.418

<

0.445
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Table 20. Decay (mean ± SE) and final litter quality parameters (mean ± SE) of
litter mixtures by water+nitrogen treatment.

Water Control
+ Nitrogen

Ambient+5mm/ wk.
+ Nitrogen

Ambient+20mm/ mo.
+ Nitrogen

Decay
(k -1)

0.309 ± 0.016

0.533 ± 0.211

0.499 ± 0.184

C (%)

41.57 ± 1.37

45.07 ± 1.93

41.93 ± 1.63

N (%)

0.60 ± 0

0.53 ± 0.07

0.60 ± 0

C/N

71 ± 2.87

92.33 ± 18.4

69.10 ± 2.46

δ 13C (‰)

-15.3 ± 0

-15.33 ± 0.09

-15.23 ± 0.03

δ 15N (‰)

-2.07 ± 0.17

-1.9 ± 0.21

-2.37 ± 0.13
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